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SHAPE GENERATION OF TREE-TYPE SUPPORT STRUCTURE OF FREE-FORM SHELL 
USING FRACTAL GEOMETRY 
 
 
ᓲ ி⹒*㸪࿘ ᒯ᱕**㸪኱ᓮ ⣧*** 
Jinglan CUI*, Guangchun ZHOU** and Makoto OHSAKI***  
 
 
An optimization method is presented for design of tree-type frames as supporting structures of free-form shells. A unified algorithm 
for modeling complex external boundary as well as the internal boundary is presented utilizing the B-spline curves of orders with 
odd numbers. An algorithm for generating tree-type frame is presented based on iterative function system (IFS) of fractal geometry. 
The type of branching of the tree is selected from the list of preassigned types. Formulations of sensitivity analysis are presented 
for total strain energy with respect to the nodal coordinates including those constrained on the shell surface. It is demonstrated in 
the numerical examples that the nodal locations of the tree-type support structure can be optimized to minimize the total strain 
energy of the structure including the roof and support frame. It is shown that the strain energy due to bending deformation is 
mainly reduced through optimization; thus, an ideal load path utilizing axial forces to the ground is achieved. 
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ࣇࣛࢡࢱࣝᗄఱᏛࡢ᪉ἲ࡟ࡣ㸪Lindenmayer System (L-System, 
LS)14)࡟ࡼࡿ᪉ἲ࡜㸪Iterated Function System (IFS)15)࡟ࡼࡿ᪉
ἲࡀ࠶ࡾ㸪ᮏㄽ࡛ࡣ IFSࢆ⏝࠸ࡿࠋIFSࡣ෌ᖐⓗ㛵ᩘ࡟ࡼࡿ᪉ἲ࡛
࠶ࡾ㸪౛࠼ࡤᖹ㠃ᅗᙧࢆ⏕ᡂࡍࡿࡓࡵ࡟ࡣ㸪ᘧ(1)ࡢࡼ࠺࡞ᗙᶆ ( , )x y
ࢆ ( ', ')x y ࡟ኚ᥮ࡍࡿ࢔ࣇ࢕ࣥኚ᥮ࢆ෌ᖐⓗ࡟⏝࠸ࡿࠋ 
x a b x e
c d y fy
c­ ½ ª º ­ ½ ­ ½ ® ¾ ® ¾ ® ¾« »c ¬ ¼ ¯ ¿ ¯ ¿¯ ¿
            (1)
ࡇࡇ࡛㸪a, b, c, d, e, fࡣಀᩘ࡛࠶ࡿࠋ
3 ḟඖ✵㛫ෆࡢ࢔ࣇ࢕ࣥኚ᥮ࢆ⏝࠸࡚ࢶ࣮ࣜᵓ㐀ࡢᯞࢆ⏕ᡂࡍࡿࠋ
඲యᗙᶆ⣔ࢆ ( , , )x y z , ᒁᡤᗙᶆ⣔ࢆ ( ', ', ')x y z ࡜ࡍࡿࠋᅗ 1(a)࡟♧ࡍ
ࡼ࠺࡟㸪ᯞศᒱࡢ㐣⛬࡛ࡢᯞabࡢ xy ᖹ㠃࡬ࡢṇᑕᙳࢆ ' 'a b ࡜ࡋ㸪
' 'a b ࡜ x ㍈ࡢゅᗘࢆ xT , ᯞ ab࡜ z㍈ࡢゅᗘࢆ zT ࡜ࡍࡿࠋ඲యᗙᶆ
⣔ ( , , )x y z ࡢཎⅬࢆᯞabࡢඛ➃ bࡢ఩⨨ ( , , )b b bx y z ࡬ᖹ⾜⛣ືࡋ㸪ࡉࡽ
࡟ z㍈ࡲࢃࡾ࡟ xT , y ㍈ࡲࢃࡾ࡟ zT ᅇ㌿ࡋ࡚㸪ᅗ 1(b)࡟♧ࡍࡼ࠺࡞
᪂ࡋ࠸ᒁᡤᗙᶆ⣔ ( ', ', ')x y z ࢆᚓࡿࠋࡇࡢᒁᡤᗙᶆ⣔ࡣ㸪ᯞabࡢඛ➃ b
ࢆཎⅬ࡜ࡋ㸪ᯞabࢆ 'z ㍈࡜ࡋࡓࡶࡢ࡛࠶ࡾ㸪 'x ㍈ࡣᯞab࡜ࡑࡢṇ 
ᑕᙳ ' 'a b ࡀᡂࡍᖹ㠃ୖ࡟࠶ࡿࠋࡇࢀࡽࡢ᧯సࡣ௨ୗࡢ࢔ࣇ࢕ࣥኚ᥮
ᘧ(2)࡟ࡼࡗ࡚⾜࠺ࡇ࡜ࡀ࡛ࡁࡿࠋ 
cos sin 0 cos sin 0
sin cos 0 0 1 0
0 0 1 sin cos 0






T T T T
T T
T T
c  ­ ½ ª º ª º ­ ½ ­ ½° ° ° ° ° °« » « »c  ® ¾ ® ¾ ® ¾« » « »° ° ° ° ° °« » « »c¯ ¿ ¬ ¼ ¬ ¼ ¯ ¿ ¯ ¿
 (2) 
 ᯞࡈ࡜࡟⏕ᡂࡋࡓᒁᡤᗙᶆ⣔ࢆ⏝࠸࡚ᯞศᒱ᧯సࢆ⾜࠺ࠋᒁᡤᗙ
ᶆ ( ', ', ')x y z ࡟࠾࠸࡚᪂ࡋ࠸ᯞࢆ⏕ᡂྍ⬟࡞᪉ྥ 1Lm , …, 7Lm ࢆᅗ 2
࡟♧ࡍࠋ 1E ࡜ 2E ࡣࡑࢀࡒࢀ 1, 3Lm Lm ࡜ 4, 6Lm Lm ࡢ ' 'x z ᖹ㠃࡬
ࡢṇᑕᙳ࠶ࡿ࠸ࡣ ' 'x z ᖹ㠃ୖ࡟࠶ࡿ 2Lm ࡜ 5Lm ࡀ 'z ㍈࡜࡞ࡍゅ
ᗘ࡛࠶ࡿࠋ 1 2 3 4D D D D   ࡣࡑࢀࡒࢀ 1, 3, 4, 6Lm Lm Lm Lm ࡢ ' 'x y ᖹ㠃࡬
ࡢṇᑕᙳࡀ 'x ㍈࡜࡞ࡍゅᗘ࡛࠶ࡾ㸪 2Lm ࡜ 5Lm ࡢ ' 'x y ᖹ㠃࡬ࡢ
ṇᑕᙳࡣ 'x ㍈ୖ࡟࠶ࡿࠋึᮇᙧ≧ࢆᙧᡂࡍࡿ㝿㸪ᖿ࠿ࡽࡢ 1 ᅇ┠
ࡢศᒱ࡛ࡣ㸪 1 2 1 2 3 4, , , , ,E E D D D D ࢆࡑࢀࡒࢀ 30 , 30 , 15 , 15 , 15 , 15q q q q q q
࡜ࡍࡿࠋ 
ࡲࡓ㸪ᯞࡢ㛗ࡉ L࡜᩿㠃✚ sࡶศᒱ࡟ࡼࡗ࡚⦰ᑠࡉࢀࡿࡢ࡛㸪ࡑ
ࢀࡽࡢ⦰ᑠ⋡ J , U ࢆ௨ୗࡢࡼ࠺࡟ᣦᐃࡍࡿࠋ
ࢱ࢖ࣉ㸯 ࢱ࢖ࣉ 2 ࢱ࢖ࣉ 3 ࢱ࢖ࣉ 4 ࢱ࢖ࣉ 5 
ࢱ࢖ࣉ 6 ࢱ࢖ࣉ 7 ࢱ࢖ࣉ 8 ࢱ࢖ࣉ 9 ࢱ࢖ࣉ 10 













































































































ᅗ 2 ᯞศ࠿ࢀྍ⬟࡞᪉ྥ 
 
( 1) ( )











­   °®   °¯ (3)
ࡇࡇ࡛㸪kࡣศᒱࡢࢫࢸࢵࣉᩘ࡛࠶ࡿࠋ
᪂ࡋ࠸ᯞࡣ㸪 1Lm ࠿ࡽ 7Lm ࢆ⤌ࡳྜࢃࡏ࡚㸪ᅗ 3ࡢࡼ࠺࡞ 10✀
㢮ࡢᯞศᒱᙧ≧ࢱ࢖ࣉ࠿ࡽ㑅ᢥ࡛ࡁࡿࠋ౛࠼ࡤ㸪5 ẁ㝵ࡢศᒱ࡟࠾
࠸࡚㸪1, 2, 3, 4, 5ẁ㝵࡛ࡑࢀࡒࢀࢱ࢖ࣉ 3, 4, 4, 5, 3ࢆ⏝࠸ࡿ࡜ࡁ㸪
ࢶ࣮ࣜᙧ≧⏕ᡂᩥἲࢆ (3, 4, 4, 5, 3)A ࡛ᐃ⩏ࡍࡿࠋᅗ 4ࡣ 8ᅇࡢศ
ᒱ࡛ (3, 4, 4, 3, 4, 4, 4, 4)A ࡜ࡋࡓ࡜ࡁࡢ⤖ᯝ࡛࠶ࡾ㸪㒊ᮦ㛗࡜┤ᚄࡢ
ᶆ‽್ࢆࡑࢀࡒࢀ 7.5m, 0.15m㸪㒊ᮦ㛗࡜㠃✚ࡢ⦰ᑠ⋡ࢆࡑࢀࡒࢀ
0.7J  , 0.8U  ࡜ࡋ࡚࠸ࡿࠋᅗࡼࡾ㸪⮬↛ࡢࢶ࣮ࣜᙧ≧ࢆⰋዲ࡟ᶍ






᪂ࡋ࠸ᯞࡢゅᗘ 1 2 1 2 3 4, , , , ,E E D D D D ࡣ㸪ࢶ࣮ࣜୖ㒊࡟ྥ࠿ࡗ࡚ᗈࡀ
ࡿᖜ࡜㛵ಀ࠶ࡾ㸪⏕ᡂࡋࡼ࠺࡜ࡍࡿࢶ࣮ࣜᙧ≧ࡢ≉ᚩ࡟ࡋࡓࡀࡗ࡚
ᐃࡵࡿᚲせࡀ࠶ࡿࠋࡑࡢࡓࡵ㸪඲యᗙᶆ⣔ ( , , )x y z ࡢ z ㍈࡜ᒁᡤ
ᗙᶆ⣔ࡢ 'z ㍈ࡢゅᗘ zT ࢆồࡵ࡚㸪ḟᘧࡢࡼ࠺࡟ 1E ࡀ 90 ZT ㉸࠼
࡞࠸ࡼ࠺࡟ไ⣙ࡍࡿࠋ 
1 (90 )       (0< 1.0)ZE K T K         (4) 
ࡉࡽ࡟㸪 1E ࡜ 2E ࡢ࿴ 0 60E  ࢆᘧ(3)ࡢࡼ࠺࡟஦๓࡟୚࠼࡚㸪 1E ࠿ࡽ
2E ࢆồࡵࡿࠋ 
1 2 0E E E                      (5) 
ࡉࡲࡊࡲࢶ࣮ࣜᙧ≧ࢆ⏕ᡂࡋࡓ⤖ᯝ࠿ࡽ㸪 0E ࡜  K ࡣ 045 70Eq d d q㸪










 ࢶ࣮ࣜࡢᩘ㸪ྛࢶ࣮ࣜࡢᨭⅬᗙᶆ㸪ᯞࡢศᒱᅇᩘ n , ึᮇࡢᯞ
ࡢ㛗ࡉ L , 㛗ࡉࡢ⦰ᑠ⋡ J , 㒊ᮦ᩿㠃✚ࡢ⦰ᑠ⋡ U ࢆᐃࡵࡿࠋ
 ྛࢶ࣮ࣜ࡟ࡘ࠸࡚㸪ᨭⅬ࠿ࡽ㖄┤᪉ྥ࡟㛗ࡉ L ࡢᯞࢆ⏕ᡂࡍࡿࠋ
 ඲࡚ࡢᯞࡢ➃Ⅼ࠿ࡽ㸪ศᒱࢱ࢖ࣉ࡜ᘧ(4), (5)࡟ࡋࡓࡀࡗ࡚᪂ࡋ
࠸ᯞࢆ⏕ᡂࡍࡿࠋ















B-ࢫࣉࣛ࢖ࣥ᭤⥺ࡢࢹ࣮ࢱⅬࡢᩘ n, ➃Ⅼ᮲௳ࡢᩘ q, ḟᩘm࡜ࣀ
ࢵࢺࡢᩘ s ࡢ㛫࡟ࡣ㸪 1s n q m    ࡢ㛵ಀࡀ࠶ࡿࠋࡲࡓ㸪➃Ⅼ࡛㸪
1m  ಶࡢࣀࢵࢺࢆ㔜」ࡉࡏࡿᚲせࡀ࠶ࡿࠋࡋࡓࡀࡗ࡚㸪ḟᩘࢆወᩘ
ˆ2 1m  ࡜ࡋ㸪 ˆ2 2m  ಶࡢ➃Ⅼ᮲௳ࢆ୚࠼ࢀࡤ㸪ෆ㒊ࡢࣀࢵࢺࡢᩘࡣ





ᖹ㠃ቃ⏺ࡀ N ಶࡢ㛢᭤⥺࡛ᵓᡂࡉࢀ㸪 i␒┠ࡢ㛢᭤⥺ࡣ㸪ḟᩘࡢ
✀㢮࡟ࡼࡗ࡚ iM ಶࡢ༊㛫ࢆᣢࡗ࡚࠸ࡿࡶࡢ࡜ࡍࡿࠋ㛢᭤⥺ iࡢ༊㛫
jࡢḟᩘࢆ 2 1ijm  ࡜ࡋ㸪ቃ⏺᭤⥺ࢆ B-ࢫࣉࣛ࢖ࣥ㛵ᩘࢆᣑᙇࡋࡓᘧ
ᅗ ಟṇࡉࢀࡓࢶ࣮ࣜᙧ≧ࡢ౛ ᅗ ࢶ࣮ࣜᙧ≧ࡢ౛
ᅗ  ศᒱ⏕ᡂࡢᨵၿ᪉ἲ


























ࣇࣛࢡࢱࣝᗄఱᏛࡢ᪉ἲ࡟ࡣ㸪Lindenmayer System (L-System, 
LS)14)࡟ࡼࡿ᪉ἲ࡜㸪Iterated Function System (IFS)15)࡟ࡼࡿ᪉
ἲࡀ࠶ࡾ㸪ᮏㄽ࡛ࡣ IFSࢆ⏝࠸ࡿࠋIFSࡣ෌ᖐⓗ㛵ᩘ࡟ࡼࡿ᪉ἲ࡛
࠶ࡾ㸪౛࠼ࡤᖹ㠃ᅗᙧࢆ⏕ᡂࡍࡿࡓࡵ࡟ࡣ㸪ᘧ(1)ࡢࡼ࠺࡞ᗙᶆ ( , )x y
ࢆ ( ', ')x y ࡟ኚ᥮ࡍࡿ࢔ࣇ࢕ࣥኚ᥮ࢆ෌ᖐⓗ࡟⏝࠸ࡿࠋ 
x a b x e
c d y fy
c­ ½ ª º ­ ½ ­ ½ ® ¾ ® ¾ ® ¾« »c ¬ ¼ ¯ ¿ ¯ ¿¯ ¿
            (1)
ࡇࡇ࡛㸪a, b, c, d, e, fࡣಀᩘ࡛࠶ࡿࠋ
3 ḟඖ✵㛫ෆࡢ࢔ࣇ࢕ࣥኚ᥮ࢆ⏝࠸࡚ࢶ࣮ࣜᵓ㐀ࡢᯞࢆ⏕ᡂࡍࡿࠋ
඲యᗙᶆ⣔ࢆ ( , , )x y z , ᒁᡤᗙᶆ⣔ࢆ ( ', ', ')x y z ࡜ࡍࡿࠋᅗ 1(a)࡟♧ࡍ
ࡼ࠺࡟㸪ᯞศᒱࡢ㐣⛬࡛ࡢᯞabࡢ xy ᖹ㠃࡬ࡢṇᑕᙳࢆ ' 'a b ࡜ࡋ㸪
' 'a b ࡜ x ㍈ࡢゅᗘࢆ xT , ᯞ ab࡜ z㍈ࡢゅᗘࢆ zT ࡜ࡍࡿࠋ඲యᗙᶆ
⣔ ( , , )x y z ࡢཎⅬࢆᯞabࡢඛ➃ bࡢ఩⨨ ( , , )b b bx y z ࡬ᖹ⾜⛣ືࡋ㸪ࡉࡽ
࡟ z㍈ࡲࢃࡾ࡟ xT , y ㍈ࡲࢃࡾ࡟ zT ᅇ㌿ࡋ࡚㸪ᅗ 1(b)࡟♧ࡍࡼ࠺࡞
᪂ࡋ࠸ᒁᡤᗙᶆ⣔ ( ', ', ')x y z ࢆᚓࡿࠋࡇࡢᒁᡤᗙᶆ⣔ࡣ㸪ᯞabࡢඛ➃ b
ࢆཎⅬ࡜ࡋ㸪ᯞabࢆ 'z ㍈࡜ࡋࡓࡶࡢ࡛࠶ࡾ㸪 'x ㍈ࡣᯞab࡜ࡑࡢṇ 
ᑕᙳ ' 'a b ࡀᡂࡍᖹ㠃ୖ࡟࠶ࡿࠋࡇࢀࡽࡢ᧯సࡣ௨ୗࡢ࢔ࣇ࢕ࣥኚ᥮
ᘧ(2)࡟ࡼࡗ࡚⾜࠺ࡇ࡜ࡀ࡛ࡁࡿࠋ 
cos sin 0 cos sin 0
sin cos 0 0 1 0
0 0 1 sin cos 0






T T T T
T T
T T
c  ­ ½ ª º ª º ­ ½ ­ ½° ° ° ° ° °« » « »c  ® ¾ ® ¾ ® ¾« » « »° ° ° ° ° °« » « »c¯ ¿ ¬ ¼ ¬ ¼ ¯ ¿ ¯ ¿
 (2) 
 ᯞࡈ࡜࡟⏕ᡂࡋࡓᒁᡤᗙᶆ⣔ࢆ⏝࠸࡚ᯞศᒱ᧯సࢆ⾜࠺ࠋᒁᡤᗙ
ᶆ ( ', ', ')x y z ࡟࠾࠸࡚᪂ࡋ࠸ᯞࢆ⏕ᡂྍ⬟࡞᪉ྥ 1Lm , …, 7Lm ࢆᅗ 2
࡟♧ࡍࠋ 1E ࡜ 2E ࡣࡑࢀࡒࢀ 1, 3Lm Lm ࡜ 4, 6Lm Lm ࡢ ' 'x z ᖹ㠃࡬
ࡢṇᑕᙳ࠶ࡿ࠸ࡣ ' 'x z ᖹ㠃ୖ࡟࠶ࡿ 2Lm ࡜ 5Lm ࡀ 'z ㍈࡜࡞ࡍゅ
ᗘ࡛࠶ࡿࠋ 1 2 3 4D D D D   ࡣࡑࢀࡒࢀ 1, 3, 4, 6Lm Lm Lm Lm ࡢ ' 'x y ᖹ㠃࡬
ࡢṇᑕᙳࡀ 'x ㍈࡜࡞ࡍゅᗘ࡛࠶ࡾ㸪 2Lm ࡜ 5Lm ࡢ ' 'x y ᖹ㠃࡬ࡢ
ṇᑕᙳࡣ 'x ㍈ୖ࡟࠶ࡿࠋึᮇᙧ≧ࢆᙧᡂࡍࡿ㝿㸪ᖿ࠿ࡽࡢ 1 ᅇ┠
ࡢศᒱ࡛ࡣ㸪 1 2 1 2 3 4, , , , ,E E D D D D ࢆࡑࢀࡒࢀ 30 , 30 , 15 , 15 , 15 , 15q q q q q q
࡜ࡍࡿࠋ 
ࡲࡓ㸪ᯞࡢ㛗ࡉ L࡜᩿㠃✚ sࡶศᒱ࡟ࡼࡗ࡚⦰ᑠࡉࢀࡿࡢ࡛㸪ࡑ
ࢀࡽࡢ⦰ᑠ⋡ J , U ࢆ௨ୗࡢࡼ࠺࡟ᣦᐃࡍࡿࠋ
ࢱ࢖ࣉ㸯 ࢱ࢖ࣉ 2 ࢱ࢖ࣉ 3 ࢱ࢖ࣉ 4 ࢱ࢖ࣉ 5 
ࢱ࢖ࣉ 6 ࢱ࢖ࣉ 7 ࢱ࢖ࣉ 8 ࢱ࢖ࣉ 9 ࢱ࢖ࣉ 10 













































































































ᅗ 2 ᯞศ࠿ࢀྍ⬟࡞᪉ྥ 
 
( 1) ( )











­   °®   °¯ (3)
ࡇࡇ࡛㸪kࡣศᒱࡢࢫࢸࢵࣉᩘ࡛࠶ࡿࠋ
᪂ࡋ࠸ᯞࡣ㸪 1Lm ࠿ࡽ 7Lm ࢆ⤌ࡳྜࢃࡏ࡚㸪ᅗ 3ࡢࡼ࠺࡞ 10✀
㢮ࡢᯞศᒱᙧ≧ࢱ࢖ࣉ࠿ࡽ㑅ᢥ࡛ࡁࡿࠋ౛࠼ࡤ㸪5 ẁ㝵ࡢศᒱ࡟࠾
࠸࡚㸪1, 2, 3, 4, 5ẁ㝵࡛ࡑࢀࡒࢀࢱ࢖ࣉ 3, 4, 4, 5, 3ࢆ⏝࠸ࡿ࡜ࡁ㸪
ࢶ࣮ࣜᙧ≧⏕ᡂᩥἲࢆ (3, 4, 4, 5, 3)A ࡛ᐃ⩏ࡍࡿࠋᅗ 4ࡣ 8ᅇࡢศ
ᒱ࡛ (3, 4, 4, 3, 4, 4, 4, 4)A ࡜ࡋࡓ࡜ࡁࡢ⤖ᯝ࡛࠶ࡾ㸪㒊ᮦ㛗࡜┤ᚄࡢ
ᶆ‽್ࢆࡑࢀࡒࢀ 7.5m, 0.15m㸪㒊ᮦ㛗࡜㠃✚ࡢ⦰ᑠ⋡ࢆࡑࢀࡒࢀ
0.7J  , 0.8U  ࡜ࡋ࡚࠸ࡿࠋᅗࡼࡾ㸪⮬↛ࡢࢶ࣮ࣜᙧ≧ࢆⰋዲ࡟ᶍ






᪂ࡋ࠸ᯞࡢゅᗘ 1 2 1 2 3 4, , , , ,E E D D D D ࡣ㸪ࢶ࣮ࣜୖ㒊࡟ྥ࠿ࡗ࡚ᗈࡀ
ࡿᖜ࡜㛵ಀ࠶ࡾ㸪⏕ᡂࡋࡼ࠺࡜ࡍࡿࢶ࣮ࣜᙧ≧ࡢ≉ᚩ࡟ࡋࡓࡀࡗ࡚
ᐃࡵࡿᚲせࡀ࠶ࡿࠋࡑࡢࡓࡵ㸪඲యᗙᶆ⣔ ( , , )x y z ࡢ z ㍈࡜ᒁᡤ
ᗙᶆ⣔ࡢ 'z ㍈ࡢゅᗘ zT ࢆồࡵ࡚㸪ḟᘧࡢࡼ࠺࡟ 1E ࡀ 90 ZT ㉸࠼
࡞࠸ࡼ࠺࡟ไ⣙ࡍࡿࠋ 
1 (90 )       (0< 1.0)ZE K T K         (4) 
ࡉࡽ࡟㸪 1E ࡜ 2E ࡢ࿴ 0 60E  ࢆᘧ(3)ࡢࡼ࠺࡟஦๓࡟୚࠼࡚㸪 1E ࠿ࡽ
2E ࢆồࡵࡿࠋ 
1 2 0E E E                      (5) 
ࡉࡲࡊࡲࢶ࣮ࣜᙧ≧ࢆ⏕ᡂࡋࡓ⤖ᯝ࠿ࡽ㸪 0E ࡜  K ࡣ 045 70Eq d d q㸪










 ࢶ࣮ࣜࡢᩘ㸪ྛࢶ࣮ࣜࡢᨭⅬᗙᶆ㸪ᯞࡢศᒱᅇᩘ n , ึᮇࡢᯞ
ࡢ㛗ࡉ L , 㛗ࡉࡢ⦰ᑠ⋡ J , 㒊ᮦ᩿㠃✚ࡢ⦰ᑠ⋡ U ࢆᐃࡵࡿࠋ
 ྛࢶ࣮ࣜ࡟ࡘ࠸࡚㸪ᨭⅬ࠿ࡽ㖄┤᪉ྥ࡟㛗ࡉ L ࡢᯞࢆ⏕ᡂࡍࡿࠋ
 ඲࡚ࡢᯞࡢ➃Ⅼ࠿ࡽ㸪ศᒱࢱ࢖ࣉ࡜ᘧ(4), (5)࡟ࡋࡓࡀࡗ࡚᪂ࡋ
࠸ᯞࢆ⏕ᡂࡍࡿࠋ















B-ࢫࣉࣛ࢖ࣥ᭤⥺ࡢࢹ࣮ࢱⅬࡢᩘ n, ➃Ⅼ᮲௳ࡢᩘ q, ḟᩘm࡜ࣀ
ࢵࢺࡢᩘ s ࡢ㛫࡟ࡣ㸪 1s n q m    ࡢ㛵ಀࡀ࠶ࡿࠋࡲࡓ㸪➃Ⅼ࡛㸪
1m  ಶࡢࣀࢵࢺࢆ㔜」ࡉࡏࡿᚲせࡀ࠶ࡿࠋࡋࡓࡀࡗ࡚㸪ḟᩘࢆወᩘ
ˆ2 1m  ࡜ࡋ㸪 ˆ2 2m  ಶࡢ➃Ⅼ᮲௳ࢆ୚࠼ࢀࡤ㸪ෆ㒊ࡢࣀࢵࢺࡢᩘࡣ





ᖹ㠃ቃ⏺ࡀ N ಶࡢ㛢᭤⥺࡛ᵓᡂࡉࢀ㸪 i␒┠ࡢ㛢᭤⥺ࡣ㸪ḟᩘࡢ
✀㢮࡟ࡼࡗ࡚ iM ಶࡢ༊㛫ࢆᣢࡗ࡚࠸ࡿࡶࡢ࡜ࡍࡿࠋ㛢᭤⥺ iࡢ༊㛫
jࡢḟᩘࢆ 2 1ijm  ࡜ࡋ㸪ቃ⏺᭤⥺ࢆ B-ࢫࣉࣛ࢖ࣥ㛵ᩘࢆᣑᙇࡋࡓᘧ
ᅗ ಟṇࡉࢀࡓࢶ࣮ࣜᙧ≧ࡢ౛ ᅗ ࢶ࣮ࣜᙧ≧ࡢ౛
ᅗ  ศᒱ⏕ᡂࡢᨵၿ᪉ἲ








( ) ( )









i j k S
TMN y
k k m
i j k S
x t c B t
y t c B t
   
   
­  ¦¦ ¦°°®
°  ¦¦ ¦°¯
        (6) 
ࡇࡇ࡟㸪 ijS ࡣ㛢᭤⥺ i༊㛫 jࡢ᭱ึࡢᇶᗏ㛵ᩘࡢ␒ྕ࡛࠶ࡾ㸪᭱ᚋ
ࡢᇶᗏ㛵ᩘࡢ␒ྕࡣ 4 3  ij ij ijT S m ࡛࠶ࡿࠋ xkc , ykc ࡣ ,2 ( )ijk mB t ࡢ
⥺ᙧ⤖ྜಀᩘ࡛࠶ࡿࠋ ,2 ( )ijk mB t ࡣ tࢆࣃ࣓࣮ࣛࢱ࡜ࡋࡓ Bࢫࣉࣛ࢖







᭤⥺ࡣ᫬ィᅇࡾ࡟ 1 ࠿ࡽ 13 ࡲ࡛ࡢࢹ࣮ࢱⅬ࡛ᵓᡂࡉࢀ࡚࠸ࡿࠋࡑ






( , )k kx y ࢆⅬิ ( , )k kt x , ( , )k kt y ࡟ኚ᭦ࡍࡿࠋࣃ࣓࣮ࣛࢱ kt ࡢิࢆᣦᐃ
ࡍࡿ࡜㸪➃Ⅼ᮲௳࡜࡜ࡶ࡟ᘧ(6)ࢆゎ࠸࡚⥺ᙧ⤖ྜಀᩘࢆồࡵࡿࡇ࡜






ࡍࡿࠋ ,x y ᪉ྥࡢḟᩘࢆ ,m n , B-ࢫࣉࣛ࢖ࣥᇶᗏ㛵ᩘ ,2 ( )i mB x , 
,2 ( )j nB y ,ࡢᩘࢆM, N, ࡑࢀࡽࡢ ⥺ᙧ⤖ྜಀᩘࢆ ,i jJ ࡜ࡋ㸪᭤㠃ࢆᖹ




( , ) ( ) ( )
M N
i j i m j n
i j
z x y B x B yJ
  
 ¦¦      (7)
ࢩ࢙ࣝࡢእ㒊ቃ⏺ࢆໟྵࡍࡿ㛗᪉ᙧ㡿ᇦࢆ xyᖹ㠃ୖ࡟ᑟධࡋ㸪᱁






















඲యᗙᶆ⣔࡛⾲ࡋࡓ๛ᛶ⾜ิࢆ K , ⠇Ⅼኚ఩࣋ࢡࢺࣝࢆ U , ⠇
Ⅼຊ࣋ࢡࢺࣝࢆ F ࡜ࡍࡿ࡜㸪๛ᛶ᪉⛬ᘧࡣḟࡢࡼ࠺࡟᭩ࡅࡿࠋ
 KU F            (8) 
ࢶ࣮ࣜᵓ㐀ࡢ⠇Ⅼᗙᶆࢆ୪࡭ࡓタィኚᩘࡢ࣋ࢡࢺࣝࢆ X ࡜ࡍࡿࠋ
ᘧ(8)ࢆゎ࠸࡚ U ࡀᚓࡽࢀࡿ࡜㸪ࡦࡎࡳ࢚ࢿࣝࢠ࣮ ( )C X ࡣḟᘧ࡛ィ
⟬࡛ࡁࡿࠋ
  1( )
2
TC  X U KU                  (9)
Dᖹ㠃᱁Ꮚࡢタᐃ               E᭤㠃ᙧ≧ 















































           (10)










ᖹ㠃୕ゅᙧせ⣲࡜ᱱせ⣲࡛ᵓᡂࡉࢀ㸪ࡑࢀࡽࢆK s , K h࡛⾲ࡍ࡜㸪K
ࡣḟᘧ࡛⾲⌧࡛ࡁࡿࠋ 







 i␒┠ࡢ⮬⏤⠇Ⅼࡢᗙᶆ ( , , )F F Fi i ix y z ࡟㛵ࡍࡿࡦࡎࡳ࢚ࢿࣝࢠ࣮ࡢ






















­ w ° w°
° w°  ® w°




           (12) 
ࡇࡇ࡛㸪๛ᛶ⾜ิࡢᚤศ࡟ࡣ㸪ヱᙜࡍࡿ⠇Ⅼ࡟᥋⥆ࡍࡿせ⣲ࡢ๛ᛶ
⾜ิࡢࡳࡀ㛵ಀࡍࡿࠋ 
 ไ⣙௜ࡁ⠇Ⅼࡢ z ᗙᶆࡣ ,x y ᗙᶆࡢ㛵ᩘ࡛࠶ࡿࡇ࡜࠿ࡽ㸪 i␒┠
ࡢไ⣙௜ࡁ⠇Ⅼࡢ ,x y ᗙᶆ Cix , Ciy ࡟㛵ࡍࡿࡦࡎࡳ࢚ࢿࣝࢠ࣮ࡢ

















­ § ·ww w   ° ¨ ¸w w w° © ¹® § ·ww w°    ¨ ¸° w w w© ¹¯
K KU U
K KU U
       (13) 
ᘧ(7)ࢆᘧ(13)࡟௦ධࡍࡿࡇ࡜࡟ࡼࡾ㸪 i␒┠ไ⣙௜ࡁ⠇Ⅼࡢ ,x y









( )1 ( )
2




ix k j j n
k ji i k
M N
j nc T
iy k j k m
















  (14) 
⮬⏤᭤㠃ࡢࢶ࣮ࣜᆺᨭᣢᵓ㐀ᙧែ๰⏕᪉ἲ
 ⠇Ⅼᗙᶆ࣋ࢡࢺࣝ X ࡟㛵ࡍࡿࡦࡎࡳ࢚ࢿࣝࢠ࣮ࡢឤᗘಀᩘࡀᚓ
ࡽࢀࡿ࡜㸪 ( )C X ࡢ໙㓄࣋ࢡࢺࣝ ( )C X ࢆồࡵࡿࡇ࡜ࡀ࡛ࡁࡿࠋ໙
㓄࣋ࢡࢺࣝࢆ⏝࠸࡚㸪᭱ᛴ㝆ୗἲ࡟ࡼࡗ࡚᭱㐺ゎࢆồࡵࡿࠋ 
k ࢫࢸࢵࣉ࡛ࡢゎ ( )kX ࠿ࡽ㸪ࢫࢸࢵࣉࢧ࢖ࢬ ( )kO ࢆ⏝࠸࡚ゎࢆ௨
ୗࡢࡼ࠺࡟᭦᪂ࡍࡿࠋ 





























ࢶ࣮ࣜᙧ≧ࡣᩥἲ (5, 4, )A ࡟ࡼࡾᙧᡂࡍࡿࠋࡍ࡞ࢃࡕ㸪1ᅇ┠ࡣ
ࢱ࢖ࣉ 5, 2 ᅇ┠௨㝆ࡣࢱ࢖ࣉ 4 ࢆ⏝࠸ࡿࠋᖿ(᭱ୗᒙࡢ㖄┤᪉ྥ㒊
ᮦ)ࡢ㛗ࡉ࡜┤ᚄࢆࡑࢀࡒࢀ 3.5 m, 0.25 m࡜ࡋ㸪㒊ᮦ㛗࡜┤ᚄࡢᶆ
‽್ࢆࡑࢀࡒࢀ 6.0 m, 0.2 m࡜ࡍࡿࠋࡲࡓ㸪ศᒱ࡟࡜ࡶ࡞࠺㒊ᮦ㛗
࡜㠃✚ࡢ⦰ᑠ⋡ࢆࡑࢀࡒࢀ 0.7J  , 0.8U  ࡜ࡍࡿࠋศᒱࡢࣃ࣓࣮ࣛ
ࢱࡣ 0.7K  ࡜ࡍࡿࠋ㗰⟶㒊ᮦࡢᶆ‽ཌࡉࡣ 0.02 m ࡟ࡍࡿࠋୖ㒊⮬
⏤᭤㠃ࢩ࢙ࣝࡣཌࡉ 0.1 mࡢ㕲➽ࢥࣥࢡ࣮ࣜࢺ࡛࠶ࡿࠋ㗰⟶ࡢࣖࣥ
ࢢಀᩘཬࡧ࣏࢔ࢯࣥẚࡣࡑࢀࡒࢀ 210 GPa, 0.3࡜ࡋ㸪ࢥࣥࢡ࣮ࣜࢺ
ࡢࣖࣥࢢಀᩘཬࡧ࣏࢔ࢯࣥẚࡣࡑࢀࡒࢀ 30 GPa, 0.2࡜ࡍࡿࠋᮏ౛
࡛ࡣ཰᮰᮲௳࡜ࡋ࡚ 30.1 10H  u ࡜ᣦᐃࡍࡿࠋ 











( ) ( )









i j k S
TMN y
k k m
i j k S
x t c B t
y t c B t
   
   
­  ¦¦ ¦°°®
°  ¦¦ ¦°¯
        (6) 
ࡇࡇ࡟㸪 ijS ࡣ㛢᭤⥺ i༊㛫 jࡢ᭱ึࡢᇶᗏ㛵ᩘࡢ␒ྕ࡛࠶ࡾ㸪᭱ᚋ
ࡢᇶᗏ㛵ᩘࡢ␒ྕࡣ 4 3  ij ij ijT S m ࡛࠶ࡿࠋ xkc , ykc ࡣ ,2 ( )ijk mB t ࡢ
⥺ᙧ⤖ྜಀᩘ࡛࠶ࡿࠋ ,2 ( )ijk mB t ࡣ tࢆࣃ࣓࣮ࣛࢱ࡜ࡋࡓ Bࢫࣉࣛ࢖







᭤⥺ࡣ᫬ィᅇࡾ࡟ 1 ࠿ࡽ 13 ࡲ࡛ࡢࢹ࣮ࢱⅬ࡛ᵓᡂࡉࢀ࡚࠸ࡿࠋࡑ






( , )k kx y ࢆⅬิ ( , )k kt x , ( , )k kt y ࡟ኚ᭦ࡍࡿࠋࣃ࣓࣮ࣛࢱ kt ࡢิࢆᣦᐃ
ࡍࡿ࡜㸪➃Ⅼ᮲௳࡜࡜ࡶ࡟ᘧ(6)ࢆゎ࠸࡚⥺ᙧ⤖ྜಀᩘࢆồࡵࡿࡇ࡜






ࡍࡿࠋ ,x y ᪉ྥࡢḟᩘࢆ ,m n , B-ࢫࣉࣛ࢖ࣥᇶᗏ㛵ᩘ ,2 ( )i mB x , 
,2 ( )j nB y ,ࡢᩘࢆM, N, ࡑࢀࡽࡢ ⥺ᙧ⤖ྜಀᩘࢆ ,i jJ ࡜ࡋ㸪᭤㠃ࢆᖹ




( , ) ( ) ( )
M N
i j i m j n
i j
z x y B x B yJ
  
 ¦¦      (7)
ࢩ࢙ࣝࡢእ㒊ቃ⏺ࢆໟྵࡍࡿ㛗᪉ᙧ㡿ᇦࢆ xyᖹ㠃ୖ࡟ᑟධࡋ㸪᱁






















඲యᗙᶆ⣔࡛⾲ࡋࡓ๛ᛶ⾜ิࢆ K , ⠇Ⅼኚ఩࣋ࢡࢺࣝࢆ U , ⠇
Ⅼຊ࣋ࢡࢺࣝࢆ F ࡜ࡍࡿ࡜㸪๛ᛶ᪉⛬ᘧࡣḟࡢࡼ࠺࡟᭩ࡅࡿࠋ
 KU F            (8) 
ࢶ࣮ࣜᵓ㐀ࡢ⠇Ⅼᗙᶆࢆ୪࡭ࡓタィኚᩘࡢ࣋ࢡࢺࣝࢆ X ࡜ࡍࡿࠋ
ᘧ(8)ࢆゎ࠸࡚ U ࡀᚓࡽࢀࡿ࡜㸪ࡦࡎࡳ࢚ࢿࣝࢠ࣮ ( )C X ࡣḟᘧ࡛ィ
⟬࡛ࡁࡿࠋ
  1( )
2
TC  X U KU                  (9)
Dᖹ㠃᱁Ꮚࡢタᐃ               E᭤㠃ᙧ≧ 















































           (10)










ᖹ㠃୕ゅᙧせ⣲࡜ᱱせ⣲࡛ᵓᡂࡉࢀ㸪ࡑࢀࡽࢆK s , K h࡛⾲ࡍ࡜㸪K
ࡣḟᘧ࡛⾲⌧࡛ࡁࡿࠋ 







 i␒┠ࡢ⮬⏤⠇Ⅼࡢᗙᶆ ( , , )F F Fi i ix y z ࡟㛵ࡍࡿࡦࡎࡳ࢚ࢿࣝࢠ࣮ࡢ






















­ w ° w°
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ࡇࡇ࡛㸪๛ᛶ⾜ิࡢᚤศ࡟ࡣ㸪ヱᙜࡍࡿ⠇Ⅼ࡟᥋⥆ࡍࡿせ⣲ࡢ๛ᛶ
⾜ิࡢࡳࡀ㛵ಀࡍࡿࠋ 
 ไ⣙௜ࡁ⠇Ⅼࡢ z ᗙᶆࡣ ,x y ᗙᶆࡢ㛵ᩘ࡛࠶ࡿࡇ࡜࠿ࡽ㸪 i␒┠
ࡢไ⣙௜ࡁ⠇Ⅼࡢ ,x y ᗙᶆ Cix , Ciy ࡟㛵ࡍࡿࡦࡎࡳ࢚ࢿࣝࢠ࣮ࡢ
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⮬⏤᭤㠃ࡢࢶ࣮ࣜᆺᨭᣢᵓ㐀ᙧែ๰⏕᪉ἲ
 ⠇Ⅼᗙᶆ࣋ࢡࢺࣝ X ࡟㛵ࡍࡿࡦࡎࡳ࢚ࢿࣝࢠ࣮ࡢឤᗘಀᩘࡀᚓ
ࡽࢀࡿ࡜㸪 ( )C X ࡢ໙㓄࣋ࢡࢺࣝ ( )C X ࢆồࡵࡿࡇ࡜ࡀ࡛ࡁࡿࠋ໙
㓄࣋ࢡࢺࣝࢆ⏝࠸࡚㸪᭱ᛴ㝆ୗἲ࡟ࡼࡗ࡚᭱㐺ゎࢆồࡵࡿࠋ 
k ࢫࢸࢵࣉ࡛ࡢゎ ( )kX ࠿ࡽ㸪ࢫࢸࢵࣉࢧ࢖ࢬ ( )kO ࢆ⏝࠸࡚ゎࢆ௨
ୗࡢࡼ࠺࡟᭦᪂ࡍࡿࠋ 





























ࢶ࣮ࣜᙧ≧ࡣᩥἲ (5, 4, )A ࡟ࡼࡾᙧᡂࡍࡿࠋࡍ࡞ࢃࡕ㸪1ᅇ┠ࡣ
ࢱ࢖ࣉ 5, 2 ᅇ┠௨㝆ࡣࢱ࢖ࣉ 4 ࢆ⏝࠸ࡿࠋᖿ(᭱ୗᒙࡢ㖄┤᪉ྥ㒊
ᮦ)ࡢ㛗ࡉ࡜┤ᚄࢆࡑࢀࡒࢀ 3.5 m, 0.25 m࡜ࡋ㸪㒊ᮦ㛗࡜┤ᚄࡢᶆ
‽್ࢆࡑࢀࡒࢀ 6.0 m, 0.2 m࡜ࡍࡿࠋࡲࡓ㸪ศᒱ࡟࡜ࡶ࡞࠺㒊ᮦ㛗
࡜㠃✚ࡢ⦰ᑠ⋡ࢆࡑࢀࡒࢀ 0.7J  , 0.8U  ࡜ࡍࡿࠋศᒱࡢࣃ࣓࣮ࣛ
ࢱࡣ 0.7K  ࡜ࡍࡿࠋ㗰⟶㒊ᮦࡢᶆ‽ཌࡉࡣ 0.02 m ࡟ࡍࡿࠋୖ㒊⮬
⏤᭤㠃ࢩ࢙ࣝࡣཌࡉ 0.1 mࡢ㕲➽ࢥࣥࢡ࣮ࣜࢺ࡛࠶ࡿࠋ㗰⟶ࡢࣖࣥ
ࢢಀᩘཬࡧ࣏࢔ࢯࣥẚࡣࡑࢀࡒࢀ 210 GPa, 0.3࡜ࡋ㸪ࢥࣥࢡ࣮ࣜࢺ
ࡢࣖࣥࢢಀᩘཬࡧ࣏࢔ࢯࣥẚࡣࡑࢀࡒࢀ 30 GPa, 0.2࡜ࡍࡿࠋᮏ౛
࡛ࡣ཰᮰᮲௳࡜ࡋ࡚ 30.1 10H  u ࡜ᣦᐃࡍࡿࠋ 



























ᛂຊࡣึᮇᵓ㐀ࡢ 75㸣, ᭤ࡆᛂຊࡣึᮇᵓ㐀ࡢ 51㸣ࡲ࡛ῶᑡࡋ㸪 
ࢶ࣮ࣜᵓ㐀ࡢ⠇Ⅼ఩⨨ࡢ᭱㐺໬࡟ࡼࡗ࡚㸪ୖ㒊⮬⏤᭤㠃ᵓ㐀ࡢຊ
ࡢὶࢀࡶྜ⌮ⓗ࡟෌㓄ศࡉࢀࡿࡇ࡜ࡀࢃ࠿ࡿࠋࢶ࣮ࣜᵓ㐀ࡢ㍈ຊ࡜









᭱኱್ 5770(KN) 5970(KN) 103.5(%) 
᭱ᑠ್ 73.3(KN) 2.9(KN) 3.4(%) 









᭱኱್ 668(KNm) 337(KNm) 50.4(%) 
᭱ᑠ್ 23.0(KNm) 12.1(KNm) 52.6(%) 













































࡟ࡼࡃ౑ࢃࢀࡿᵓ㐀ᙧᘧ࡛࠶ࡿࠋ10046.2 m ࡢ▴ᙧෆ࡛ᅗ 12(a)
ࡢࡼ࠺࡟ᖹ㠃ࢆタᐃࡋ㸪ᅗ 12(b)ࡢࡼ࠺࡞⮬⏤᭤㠃ࢩ࢙ࣝࡀタィࡉ
ࢀ࡚࠸ࡿࡶࡢ࡜ࡍࡿࠋⅬ F ࡜ H ࡢ 2 ࠿ᡤ࡟㸪⏕ᡂᩥἲ࡟ࡼࡗ࡚ࢶ
࣮ࣜᆺᨭᣢᵓ㐀ࢆタᐃࡋ㸪A, B, C, D, E࡛ᅛᐃᨭᣢࡍࡿࠋୖ㒊᭤㠃
ࡢࢥࣥࢡ࣮ࣜࢺࡢཌࡉࡣ 0.15 m㸪ࢶ࣮ࣜᨭᣢᵓ㐀ࡢ┤ᚄࡢᇶ‽್ࡣ
0.5 m㸪㛗ࡉࡢᶆ‽್ࡣ 7.0m㸪ศᒱࡈ࡜ࡢ㠃✚ࡢ⦰ᑠ⋡ࢆ 0.8࡜ࡍ
ࡿࠋࡲࡓࠊ㗰⟶㒊ᮦࡢᶆ‽ཌࡉࡣ 0.03 m ࡟ࡍࡿࠋࡑࡢ௚ࡢࣃ࣓ࣛ
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᭱኱್ 13400(KN) 11900(KN) 88.8(%) 
᭱ᑠ್ 413 (KN) 75.1 (KN) 18.2(%) 









᭱኱್ 1990 (KNm) 865 (KNm) 43.5(%) 
᭱ᑠ್ 128 (KNm) 13.0 (KNm) 10.1(%) 
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Owing to recent progress of computational methods and manufacturing technology, free-form shells are widely 
used for designing complex shapes of long-span roof structures. However, in most of studies on design and 
optimization of free-form shells, the shells have fixed and/or pin supports, and stiffness and deformation of the 
supporting structures are not considered. 
Tree-type frame is an aesthetically and mechanically efficient structural system, which has been used as 
supporting structures for roofs of moderately large scale such as train stations and airport buildings. The natural 
forms including the shapes of trees can be modeled using the methods of bio-mimetics, or bio-inspired engineering. 
Among those methods, fractal geometry can be effectively used for generating tree-type frames.  
In this paper, an optimization method is presented for design of tree-type frames as supporting structures of 
free-form shells. The boundary of the roof, projected to the horizontal plane, is divided into several parts, and are 
modeled using the B-spline curves of different orders. A unified algorithm for modeling complex external boundary 
as well as the internal boundary is presented utilizing the B-spline curves of orders with odd numbers. 
The finite-element (FE) mesh is generated by constrained Delaunay triangulation, where the points along the 
boundary, the bottom node of support structure, and the intersection points between the type-type support 
structure and the upper shell surface are constrained to be included in the FE-mesh.  
An algorithm for generating tree-type frame is presented based on iterative function system (IFS) of fractal 
geometry. The type of branching of the tree is selected from the list of preassigned types. Formulations of 
sensitivity analysis is presented for total strain energy with respect to the nodal coordinates including those 
constrained to move on the shell surface. The optimal solution to minimize the total strain energy is found using 
the steepest decent method. 
It is demonstrated in the numerical examples that the nodal locations of the tree-type support structure can be 
optimized to minimize the total strain energy of the structure including the roof and support frame. It is shown 
that the strain energy due to bending deformation is mainly reduced through optimization; thus, an ideal load path 
utilizing axial forces to the ground is achieved. It is notable that the bending deformation of the upper shell roof 
can be reduced by optimizing only the nodal locations of the support structure. The present study explains how the 
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